HIV protease inhibitors (HIV-PIs
H
IV protease inhibitors (HIV-PIs) block the HIV aspartyl protease, a viral enzyme that cleaves the gag-pol polyprotein into smaller proteins with essential roles in viral replication (1) . HIV-PIs are a cornerstone of multidrug HIV treatment regimens referred to as ''highly active antiretroviral therapy'' (HAART) (2) . HAART regimens including HIV-PIs dramatically reduce HIV titers in blood and improve survival (2, 3) . However, significant side effects have been encountered, including a metabolic syndrome associated with partial lipodystrophy, hyperlipidemia, insulin resistance, and atherosclerotic disease (4, 5) .
Both HIV-PIs and other antiretroviral drugs (e.g., reverse transcriptase inhibitors) have been implicated in the metabolic/ lipodystrophy syndrome (6) . This syndrome is poorly understood, although multiple underlying mechanisms have been proposed, including effects on the glucose transporter Glut4, intracellular trafficking of apolipoprotein B, and adipocyte differentiation (7) .
In 2003, Caron et al. (8) proposed that the HIV-PIs interfere with the processing of lamin A/C, a component of the nuclear lamina. A role for lamin A/C metabolism in the HIV-PIassociated metabolic/lipodystrophy syndrome is attractive, because missense mutations in LMNA, the gene for lamin A/C, cause a similar syndrome (9) . Also, genetic defects in the conversion of prelamin A to mature lamin A (e.g., ZMPSTE24 deficiency) cause progeroid syndromes that include lipodystrophy (10) (11) (12) .
Caron et al. (8) incubated a mouse preadipocyte cell line with several HIV-PIs and found prelamin A in treated but not untreated cells. The prelamin A was detected with sensitive Western blots using a prelamin A-specific antibody. However, Western blots with a lamin A/C-specific antibody revealed only mature lamin A and no prelamin A, suggesting that the amount of prelamin A accumulation and the level of inhibition of prelamin A processing were negligible. The biochemical basis for the prelamin A accumulation was not determined.
In the current study, we pursued a possible ''HIV-PI/prelamin A connection,'' with three goals in mind. First, we wanted to determine whether HIV-PIs, at physiologically relevant concentrations, cause significant accumulation of prelamin A relative to mature lamin A. Second, if we observed significant amounts of prelamin A, we wanted to determine whether it had the electrophoretic mobility of farneylsated or nonfarnesylated prelamin A. This is an important issue, because farnesylated prelamin A adversely affects mammalian tissues (13) . Third, if the HIV-PIs caused significant prelamin A accumulation in cells, we wanted to determine the mechanism. Lamin A biogenesis is complex (Fig. 1) , and a drug that interfered with any one of three different enzymes [protein farnesyltransferase (FTase), isoprenyl-cysteine carboxyl methyltransferase (ICMT), or ZMPSTE24] could potentially cause prelamin A accumulation (14) (15) (16) . Thus, identifying the enzymatic step affected by HIV-PIs is important.
Results
Treatment of human fibroblasts with HIV-PIs resulted in a significant accumulation of prelamin A, easily detectable on Western blots with a lamin A/C antibody (averaging 31% of lamin C, as judged by Li-Cor image quantification) (Figs. 2 A and  B) . The electrophoretic mobility of the prelamin A in the lopinavir (LPV)-treated cells was more rapid than the nonfarnesylated prelamin A that accumulates in cells treated with a FTase inhibitor (FTI), suggesting that it was probably farnesylated ( Fig. 2 A and B) . Indeed, the prelamin A protein that was induced by LPV was detectable with a prelamin A antiserum that binds farnesylated and nonfarnesylated human prelamin A but not by a prelamin A antiserum that is specific for nonfarnesylated prelamin A (Fig. 2 A) . Also, the prelamin A in LPV-treated cells comigrated with the farnesyl-prelamin A that accumulates in human restrictive dermopathy (RD) fibroblasts (ZMPSTE24-deficient fibroblasts) (11) (Fig. 2B) . HIV-PI treatment of mouse fibroblasts yielded a similar increase in prelamin A (Fig. 2 C and  D) . Again, the prelamin A in the HIV-PI-treated cells migrated slightly more rapidly than the prelamin A in FTI-treated cells. The accumulation of prelamin A with LPV treatment was also observed in Rce1 Ϫ/Ϫ fibroblasts (Fig. 2D) . In Icmt Ϫ/Ϫ fibroblasts, there is some prelamin A accumulation at baseline, reflecting inefficient conversion of prelamin A to lamin A (15); the amount of prelamin A increased further with LPV treatment (Fig. 2D) . Prelamin A accumulation was not observed in cells treated with nevirapine (NVP) or stavudine (STV), two reverse transcriptase inhibitors (Fig. 2E) .
To further explore this issue, we examined the effects of HIV-PIs on the processing of a GFP-prelamin A fusion protein containing the C-terminal 118 aa of prelamin A. In HEK293 cells, the uncleaved fusion protein could be visualized with antibodies against GFP, mature lamin A, and prelamin A, whereas the cleaved fusion protein was visualized only with antibodies against GFP and mature lamin A (Fig. 3 A and B) . Most of the fusion protein was processed in wild-type mouse fibroblasts, but none was processed in Zmpste24 Ϫ/Ϫ fibroblasts (Fig. 3C ). Both HIV-PIs and an FTI interfered with the processing of the fusion protein, resulting in an accumulation of the uncleaved protein (Fig. 3 C-E) ; NVP and STV had no effect (Fig. 3D) . The uncleaved fusion protein in the HIV-PI-treated cells migrated more rapidly than the nonfarnesylated uncleaved fusion protein in FTI-treated cells (Fig. 3E ), just as the prelamin A in HIV-PI-treated fibroblasts migrated more rapidly than the prelamin A in FTI-treated cells (Fig. 2) . Tipranavir (TPV), like LPV, inhibited the processing of the fusion protein (Fig. 3F) .
The distinct electrophoretic mobilities of prelamin A and the GFP-prelamin A fusion in FTI-and HIV-PI-treated cells made it unlikely that HIV-PIs inhibit protein FTase. Indeed, treatment of cells with LPV had no effect on the farnesylation of HDJ-2 (Fig. 4) . Similarly, LPV also had no effect on the isoprenylation of Rap1A (Fig. 4) . Also, in direct biochemical assays, HIV-PIs (13) . First, the cysteine of the C-terminal CaaX motif is farnesylated by protein FTase. Second, the last three amino acids (-aaX) are clipped off (cleavage P1), a redundant activity of RCE1 and ZMP-STE24 (13) . Third, the farnesylcysteine is carboxyl-methylated by ICMT. Fourth, the last 15 amino acids of prelamin A (including the farnesylcysteine methyl ester) are clipped off by ZMPSTE24 (cleavage P2), releasing mature lamin A. Lonafarnib, an FTI, blocks all of the processing steps and leads to the accumulation of nonfarnesylated prelamin A. In this study, we tested the hypothesis that HIV-PIs inhibit ZMPSTE24, causing an accumulation of farnesylprelamin A in cells. had no significant effect on the ability of FTase to farnesylate a recombinant H-Ras substrate, whereas an FTI blocked farnesylation at concentrations as low as 0.1 M (Fig. 5A) .
A complete deficiency of ICMT partially inhibits the conversion of prelamin A to mature lamin A (15), so it was conceivable that HIV-PIs inhibited ICMT. However, this was not the case. Even at high concentrations, LPV did not block the enzymatic activity of human ICMT (Fig. 5B) .
We suspected that the HIV-PIs inhibited ZMPSTE24, which is absolutely required for the conversion of farnesyl-prelamin A to mature lamin A (13, 16) . To explore this possibility, we took advantage of the fact that mouse ZMPSTE24 cleaves the last three amino acids (cleavage P1; see Fig. 1 ) from a farnesylated a-factor substrate (17) . The cleavage of the a-factor peptide by 4 . Western blots showing that LPV has no effect on protein farnesylation or geranylgeranylation. Wild-type fibroblasts were treated for 24 h with LPV (20 M), an FTI (5 M), a geranylgeranyltransferase type I inhibitor (GGTI-298) (15 M), or vehicle (DMSO). LPV had no effect on the isoprenylation of HDJ-2 or Rap1A. (17) that tested the ability of membranes from ⌬ste24⌬rce1 yeast overexpressing mouse ZMPSTE24 to cleave a yeast a-factor substrate, rendering it susceptible to methylation by Ste14p. Each assay was repeated four to seven times, with each point in duplicate, Ϯ SD. (D) Effect of the HIV-PIs LPV and TPV on the activity of mouse RCE1. This assay tested the ability of membranes from ⌬ste24⌬rce1 yeast overexpressing RCE1 to cleave an a-factor substrate and then be methylated by Ste14p. Each assay was performed three times, each point in duplicate, Ϯ SD.
ZMPSTE24 can be quantified in a coupled endoproteolysis/ methylation assay (17) . Using this assay, we found that LPV and TPV inhibited ZMPSTE24 activity (Fig. 5C ). The IC 50 s for LPV and TPV were 18.4 Ϯ 4.6 and 1.2 Ϯ 0.4 M, respectively. LPV did not change Zmpste24 mRNA levels in fibroblasts, as judged by quantitative PCR (not shown), nor did it change ZMPSTE24 protein levels, as judged by Western blotting [supporting information (SI) Fig. 7 ]. HIV-PIs had only a marginal effect on the activity of the prenylprotein endoprotease RCE1 (Fig. 5D) .
That HIV-PIs inhibit ZMPSTE24 activity (but not FTase, RCE1, or ICMT) explains the accumulation of prelamin A in HIV-PI-treated cells and explains why the prelamin A migrated more rapidly than nonfarnesylated prelamin A. We reasoned that fibroblasts with lower amounts of ZMPSTE24 expression (e.g., cells heterozygous for Zmpste24 deficiency) might be particularly sensitive to the HIV-PIs. Indeed, this was the case; primary fibroblasts from Zmpste24 ϩ/Ϫ embryos accumulated significantly more prelamin A in response to HIV-PIs than fibroblasts from littermate wild-type embryos (Fig. 6 ).
Discussion
We demonstrated that HIV-PIs caused a significant accumulation of prelamin A in cells, easily detectable in Western blots with a lamin A/C antibody with Ϸ31% of the intensity of lamin C. Our data differ from the report by Caron et al. (8) ; they identified prelamin A in HIV-PI-treated preadipocytes in Western blots with a prelamin A-specific antibody, but the amount of prelamin A accumulation appeared to be miniscule, because no prelamin A could be seen in their lamin A/C Western blots. Importantly, we found that the electrophoretic mobility of the prelamin A in HIV-PI-treated cells was more rapid than the nonfarnesylated prelamin A in FTI-treated cells, comigrating with the farnesyl-prelamin A that accumulates in human RD (ZMPSTE24-deficient) fibroblasts (13) . We also found that HIV-PIs interfered with the processing of a GFP-prelamin A fusion in transfected cells; again, the electrophoretic mobility of the uncleaved fusion protein was more rapid in HIV-PI-than in FTI-treated cells. HIV-PIs had no effect on FTase or on ICMT, a methyltransferase that is required for highly efficient conversion of prelamin A to mature lamin A. However, the HIV-PIs clearly inhibited ZMPSTE24, a metalloproteinase that converts farnesyl-prelamin A to mature lamin A. Thus, the accumulation of farnesyl-prelamin A in HIV-PI-treated cells is caused by inhibition of ZMPSTE24.
That the HIV-PIs inhibit ZMPSTE24 is intriguing, given that the HIV protease is a soluble aspartyl protease (1), and ZMP-STE24 is a zinc metalloproteinase of the endoplasmic reticulum with seven predicted transmembrane helices (18, 19) . In the case of the HIV protease, the crystal structure has been solved and the binding of HIV-PIs is understood at the molecular level (20) . In contrast, there is almost no information regarding the structure of ZMPSTE24, the domains of the enzyme involved in catalysis, or how HIV-PIs might interfere with enzyme activity. ZMPSTE24 contains a zinc-binding HEXXH motif (residues 335-339) that is required for catalysis (18, 19) , and missense mutations at residues 265 and 340 dramatically reduce enzymatic activity (10, 21) . However, whether HIV-PIs bind in the vicinity of those residues is unknown.
This study did not attempt to determine whether the HIV-PI-induced accumulation of prelamin A in fibroblasts is relevant to the metabolic/lipodystrophy syndrome that occurs in some patients on HAART regimens. The mechanisms for HAARTrelated side effects are likely heterogeneous and involve multiple drugs (7), and whether the prelamin A accumulation underlies some of the side effects is unknown. However, genetic studies suggest that a prelamin A connection is plausible. Patients with Hutchinson-Gilford progeria syndrome (HGPS) accumulate a truncated farnesyl-prelamin A and develop multiple disease phenotypes, including lipodystrophy (22) . In HGPS fibroblasts, the farnesyl-prelamin A band is less intense than the lamin A band, similar to the situation in HIV-PI-treated fibroblasts (22) . Also, ZMPSTE24 mutations that partially block the conversion of farnesyl-prelamin A to mature lamin A cause severe progeroid syndromes (10, 21) .
Our studies involved cultured fibroblasts and in vitro biochemical assays, but the levels of HIV-PIs that were tested in our studies are similar to those achieved in human patients (1) . In the future, it will be important to define the extent of ZMPSTE24 inhibition and prelamin A accumulation in the tissues of HIV-PI-treated patients.
Our studies showed that different HIV-PIs differ in their capacity to inhibit ZMPSTE24. With this knowledge in hand, it should be possible to determine whether the ZMPSTE24-blocking properties of different HIV-PIs correlate with drug side effects in HIV-treated patients. If so, the biochemical approaches described here provide a springboard for identifying new HIV-PIs that lack the capacity to block ZMPSTE24.
The accumulation of prelamin A in response to the HIV-PIs is exaggerated in fibroblasts with half-normal levels of ZMP-STE24. This finding is intriguing for two reasons. First, this finding reinforces biochemical data showing that HIV-PIs cause prelamin A accumulation by inhibiting ZMPSTE24. Second, these data raise the possibility that individuals with relatively low ZMPSTE24 expression levels could be at the greatest risk for developing side effects from HIV-PIs.
In summary, our studies show that HIV-PIs inhibit ZMP-STE24, resulting in a significant accumulation of prelamin A in cells. Future studies are required to define the importance of this finding to the HIV-PI side effects.
Materials and Methods
Cell Culture, Drug Treatment, and Transfection. Human fibroblasts AG07095 and AG08470 were purchased from Coriell Cell Repository (Camden, NJ). Human ZMPSTE24-deficient (RD) fibroblasts (11) were provided by Casey Moulson and Jeffrey Miner (Washington University School of Medicine, St. Louis, MO). Mouse embryonic fibroblasts were prepared from Zmpste24-, Rce1-, and Icmt-deficient mice (16, 23, 24) . All fibroblasts were cultured in 5% CO 2 and at 37°C in MEM (Cellgro; Mediatech, Herndon, VA) or DMEM (Gibco/Invitrogen, Carls- bad, CA) containing 10% FBS (HyClone, Logan, UT), 2 mM L-glutamine (Gibco/Invitrogen), and vitamin and amino acid supplements (Cellgro). For transfection studies, HeLa cells, HEK293 cells, and immortalized mouse fibroblasts were grown to 80% confluency and transfected with Fugene HD Transfection Reagent (Roche Applied Science, Indianapolis, IN) according to the manufacturer's instructions with a 5:2 ratio of transfection reagent (microliters) to DNA (micrograms) in Opti-MEM I Reduced Serum Medium (Gibco). Four hours after transfection, the medium was changed to MEM with 10% FBS, and the cells were incubated with drugs for 18 h.
Reagents. All antiretroviral drugs were obtained from the National Institutes of Health AIDS Research and Reference Reagent Program (www.aidsreagent.org/Index.cfm). The HIV-PIs were prepared as 20 mM stock solutions in DMSO; NVP was prepared as a stock solution at 200 mM in DMSO, and STV was prepared at 20 mM in water. The FTI lonafarnib (ScheringPlough, Kenilworth, NJ) and the geranylgeranyltransferase inhibitor GGTI-298 (Sigma, St. Louis, MO) were prepared as 10 mM solutions in DMSO.
Antibodies and Western Blots. Cell extracts were separated on NuPAGE 4 -12% Bis-Tris gels (Invitrogen) and then transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA). For the HDJ-2 Western blots, samples were run on 15% acrylamide and 0.08% bisacrylamide SDS/PAGE gels (25) . Antibodies from Santa Cruz Biotechnology (Santa Cruz, CA) were diluted as follows: anti-lamin A/C goat polyclonal anti- 1,000 ). An anti-HDJ-2 mouse monoclonal antibody (clone KA2A5.6; Lab Vision, Fremont, CA) was diluted 1:400; an anti-ZMPSTE24 antibody from Novus (Littleton, CO) was used at 1:100. Two prelamin A-specific antibodies were raised against a nonfarnesylated mouse prelamin A peptide, LLGNSSPRSQSSQN. One of the two prelamin A-specific antisera, ''a,'' bound to human nonfarnesylated prelamin A (in FTI-treated human fibroblasts) but not to human farnesyl-prelamin A (which accumulates in human ZMPSTE24-deficient cells), whereas the other antiserum, ''b,'' detected both nonfarnesylated prelamin A and farnesylprelamin A. Antibody ''b'' was used in all experiments except as indicated; both antisera were used at 1:4,000. The following antibody detection systems were used: anti-rabbit and antigoat IgG horseradish peroxidase linked antibodies (GE Healthcare, Piscataway, NJ) diluted 1:4,000 in combination with Amersham ECL Plus Western Blotting Detection system (GE Healthcare); IR-Dye 800CW and IR-Dye 700DX conjugated anti-goat, anti-mouse, and anti-rabbit polyclonal antibodies (Rockland, Gilbertsville, PA) were used at 1:8,000 and detected on an Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE).
